Plant cells have two defense systems that detect bacterial pathogens. One is a basal defense system that recognizes complex pathogen-associated molecular patterns (PAMPs). A second system uses diseaseresistance (R) proteins to recognize type lll effector proteins that are delivered into the plant cell by the pathogen's type III secretion system. Here we show that these two pathways are linked. We find that two Pseudomonas syringae type III effectors, AvrRpt2 and AvrRpm1, inhibit PAMP-induced signaling and thus compromise the host's basal defense system. RIN4 is an Arabidopsis protein targeted by AvrRpt2 and AvrRpm1 for degradation and phosphorylation, respectively. We find that RIN4 is itself a regulator of PAMP signaling. The R proteins, RPS2 and RPM1, sense type III effector-induced perturbations of RIN4. Thus, R proteins guard the plant against type III effectors that inhibit PAMP signaling and provide a mechanistic link between the two plant defense systems.
Introduction
Plants use an active immune system to combat pathogenic challengers ( level accumulation of PR-1 ( Figure 1E ) that precluded any conclusions about its effect on flg22-induced PR-1 expression. Thus, AvrRpm1 inhibited two, and AvrRpt2 inhibited all three of these PAMP-induced defense readouts. Surprisingly, AvrRpt2 weakly and AvrRpm1 strongly induced PR-1 accumulation independent of bacteria or purified PAMP (water controls, Figure 1E ). This may result from additional activities of these type III effector proteins (see Discussion).
AvrRpt2 Inhibits PAMP-Induced Growth Repression of Virulent Bacteria
When infiltrated into the leaves of Arabidopsis, flg22 can inhibit the growth of virulent gram-negative bacteria (Zipfel et al., 2004). We used this assay to test the ability of AvrRpt2 and AvrRpm1, when delivered by bacteria, to overcome PAMP-induced growth suppression of the bacteria (Figure 2 ). In these experiments, the type III effectors were delivered via type III secretion from bacteria rather than being expressed directly in the plant. We used P. syringae pv. maculicola M6 C⌬E (Pma M6C⌬E), a strain whose weak virulence can be complemented with AvrRpm1 (Rohmer et al., 2003) or with AvrRpt2 (Figure 2A ). When Pma M6C⌬E carrying empty plasmid was coinfiltrated with flg22, bacterial growth was inhibited compared to infiltration of bacteria alone. When bacteria expressing AvrRpt2 were coinfiltrated with flg22, their growth was unchanged relative to when they were infiltrated alone. Thus, AvrRpt2 inhibits flg22-induced growth repression. When bacteria expressing AvrRpm1 were coinfiltrated with flg22, they grew less than when they were infiltrated alone but better than bacteria carrying empty plasmid that were coinfiltrated with flg22. Thus, AvrRpm1 may be incompletely inhibiting flg22-induced growth repression. Alternatively, AvrRpm1 may have an additional activity independent of its ability to inhibit flg22-induced growth repression (see Discussion).
We determined the contribution of the AvrRpt2 protease activity to its inhibition flg22-induced growth repression. We tested a protease-inactive derivative of AvrRpt2 (C122A) in which a cysteine at the probable catalytic site was changed to alanine (Axtell et al. (Figure 3B) .
We also tested whether overexpression of RIN4 inhibits specific PAMP-induced defense responses. Overexpression of RIN4 in Dex:RIN4 inhibited callose deposition induced by TTSS-deficient bacteria or by flg22 ( Figure 3C ) and expression of GST6 induced by flg22 ( Figure 3D ). The inhibition of these PAMP-induced responses parallels that seen in plants expressing AvrRpt2 and AvrRpm1 (Figures 1B and 1D) . Overexpression of RIN4 also induces strong, PAMP-independent expression of PR-1 (data not shown), similar to conditional expression of AvrRpm1 in transgenic plants ( Figure 1E) . Thus, similar to AvrRpt2 and AvrRpm1, overexpression of RIN4 inhibits defense readouts induced by PAMP signaling.
The Absence of RIN4 Enhances PAMP-Induced Defense Signaling
The inhibition of a process by overexpression of a protein does not necessarily demonstrate the normal function of that protein in the process. Therefore, we tested PAMP-induced responses in plants lacking RIN4. Consistent with the hypothesis that RIN4 is a negative regulator of PAMP signaling, these plants displayed en- hanced PAMP-induced responses relative to plants expressing RIN4 (Figure 4) .
We examined PAMP-induced callose deposition (Figure 4A) . Using the concentration of flg22 from our stan- We hypothesized that enhanced defense signaling in plants lacking RIN4 might correlate with enhanced resistance to bacteria. The growth of Pto DC3000hrcC was significantly reduced in plants lacking RIN4 ( Figure  4B) , indicating a more effective defense. Thus, RIN4 negatively regulates a defense that is effective against TTSS-deficient bacteria.
We also tested whether the enhanced defenses in plants lacking RIN4 could affect the growth of wild-type bacteria. We recently showed that wild-type Pto DC3000 grows equally well when infiltrated into the leaves of rpm1/rps2 and rpm1/rps2/rin4 (Belkhadir et al., 2004) . Similarly, Pto DC3000 grows equally well when infiltrated into the leaves of 3D , and 4A) indicate that RIN4 regulates function of FLS2, we used this assay to examine the effect of RIN4 on bacterial growth ( Figure 4C ). Following spray inoculation, levels of Pto DC3000hrcC were low and unaffected by the status of RIN4; these TTSS-deficient bacteria inefficiently colonized the leaf. On the contrary, wild-type Pto DC3000 successfully colonized rpm1/ rps2 plants. Importantly, the ability of these wild-type bacteria to colonize rpm1/rps2/rin4 plants was significantly reduced. Thus, RIN4 negatively regulates a defense that limits the ability of Pto DC3000 to colonize the leaf.
FLS2 and Other Receptors Induce PMR4-Dependent Callose Deposition
We hypothesized that TTSS-deficient Pto DC3000hrcC display multiple PAMPs. To test the relative contribution that flagellin plays in the defense response to Pto DC3000hrcC, we tested plants with a T-DNA insertion that disrupts the promoter of FLS2 (Zipfel et al., 2004) . As expected, FLS2 is required for flg22-induced callose deposition. However, callose deposition induced by TTSS-deficient bacteria was only partially reduced (w30%) in the fls2 background ( Figure 5A ). Thus, FLS2 makes a quantitative contribution to the overall signal induced by TTSS-deficient bacteria that leads to the deposition of callose.
We also assessed the contribution of PMR4 to callose deposition induced by both flg22 and by TTSSdeficient bacteria. PMR4 is the callose synthase required for callose deposition in response to the fungal pathogens Erysiphe and Blumeria ( induce signals that converge and cause PMR4-dependent callose deposition.
PMR4 Contributes to PAMP-Induced Defense
We tested the relative contributions of FLS2 and PMR4 to defense against TTSS-deficient bacteria. The growth of Pto DC3000hrcC was measured following infiltration into fls2 and pmr4 plants ( Figure 5B) . In all three experiments, Pto DC3000hrcC grew slightly better on fls2 than on the wild-type plants, but in no experiment was this difference statistically significant. In pmr4, the TTSS-deficient bacteria increased their numbers 20-fold more than in the wild-type plants. PMR4 therefore makes a contribution to the defense response against Pto DC3000hrcC. Taken together, the data in Figure 5 indicate that the plant uses FLS2 and other receptors to induce a basal defense response that requires PMR4-dependent callose deposition to be fully effective.
Discussion
We demonstrate that the type III effector proteins AvrRpt2 and AvrRpm1 inhibit PAMP-induced defense 
Bacteria
The TTSS-deficient bacteria used in this report are P. syringae pv. tomato (Pto) strain DC3000 containing a mutation in hrcC. The virulent bacteria used in this report are P. syringae pv. tomato (Pto) strain DC3000 and the P. syringae pv. maculicola strain M6C⌬E (Rohmer et al., 2003) harboring empty vector (pVSP61) or derivatives of this plasmid expressing avrRpm1 or avrRpt2. In Figure  2B , Pma M6C⌬E carry wild-type or mutant AvrRpt2 on plasmid pDSK519n (Axtell et al., 2003) .
Growth curves (except Figure 4C) were conducted by inoculating bacterial suspensions in 10 mM MgCl 2 into leaves of five-week-old plants with a needleless 1 ml syringe. Pto DC3000hrcC was infiltrated at 10 5 cfu/ml. After the infiltrated leaves were dry (about 4 hr), the plants were kept in 100% humidity (clear dome on) for the remainder of the experiment. Pma M6C⌬E was infiltrated at 10 4 cfu/ml and was coinfiltrated with water or 10 M flg22. These plants remained uncovered for the remainder of the experiment. Growth analysis of Pto DC3000 was conducted as described in Zipfel et al. (2004) . Briefly, bacteria were resuspended at 5 × 10 8 in 0.04% silwet and sprayed onto the surface of six-week-old plants. Plants were kept covered for 4 hr, and then the dome was removed for the remainder of the experiment. After 4 days, leaf discs were collected and surface-sterilized in 70% ethanol for 30 s. For all growth experiments, leaf discs were ground to homogeneity in 10 mM MgCl 2 and the titer determined by serial dilution and plating.
Protein
Approximately 3 cm 2 of leaf tissue was ground in 100 l of grinding buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS, 5 mM DTT, and plant protease inhibitor cocktail [Sigma-Aldrich]) and insoluble debris was pelleted by centrifugation at 20,000 × g for 10 min at 4°C. Protein concentration of the soluble supernatant was determined by the Bio-Rad protein assay (Bio-Rad). Samples were resolved on SDS-PAGE gels (mini protean, Bio-Rad) of 12% and transferred to PVDF membrane (Millipore). Western blots were done by standard methods. Anti-RIN4 sera (Mackey et al., 2002 ) and anti-PR-1 sera (Kliebenstein et al., 1999) were used at dilutions of 1:5,000 and 1:10,000, respectively.
RNA
Total RNA was extracted using Trizol reagent (Invitrogen) according to the manufacturer's instructions. First-strand cDNAs were synthesized from 4 g of total RNA by using universal oligo(dT) primer and the ThermoScript reverse transcriptase from the ThermoScript RT-PCR system (Invitrogen) according to the manufacturer's instructions. PCR amplifications were carried out with 0.05% of the cDNA product using primers (5#-CAGTATCAAGGTTCACGGAGTTC CCATG-3# and 5#-AGGCAAGCTTAGAGGCGTTAG GGTCAA-3#) for GST6 (At2g47730) or (5#-CTAAGCTCTCAAGATCAAAGGCTTA-3# and 5#-TTAACATTGCAAAGAGTTTCAAGGT-3#) for actin2.
Callose Staining
Four-week-old leaves were syringe-infiltrated with 10 8 cfu/ml of Pto DC3000hrcC, 100 M flg22 (or as indicated in Figure 4) , or distilled water and collected after 15 hr (or as indicated in Figure 4) . Whole leaves were collected, stained with Aniline blue (Hauck et al., 2003) , mounted in 50% glycerol, and examined with epifluorescent illumination from a Nikon microscope. Four leaves were prepared for each treatment. Representative views of these pictures were randomized, and the number of callose deposits was counted blind.
